A one-dimensional model of nanoscale particle formation by the exposure of solid targets to millisecond laser pulses of about 10 4 -10 5 W cm −2 energy density flux is proposed. A 'soft' regime of vapour diffusion from a laser-heated surface into an ambient atmosphere is studied. Laser flux is presumed to be relatively low, so that the surface temperature does not exceed the boiling point. Heat transport in the solid, liquid and gas phases, and evaporation and vapour diffusion in ambient atmosphere are analysed. The nuclei formation and growth rates are estimated and size distributions of synthesized nanoparticles are found. The influence of operating conditions, such as ambient gas pressure, laser pulse duration and properties of target material, on mean particle size is studied.
Introduction
Nanocrystalline materials, manufactured by consolidating ultrafine powders, have recently attracted much attention due to their advanced physical and mechanical properties. Present techniques for nanoscale particle elaboration are based on the phenomenon of homogenous nucleation in the gas phase and include plasma arc (alternating current or direct current) and high-frequency discharges (radio-frequency and microwave), magnetron sputtering, vaporization of materials in vacuum chamber, chemical vapour deposition and electron beam methods [1] [2] [3] . Typical yields provided by various gas and plasma condensation techniques are about several grams per minute [3] .
Recently, considerable effort was made to elaborate monodispersed nanoparticles since a narrow size distribution is regarded as a necessary condition for high-quality nanomaterials manufacturing. The plasma-gas-condensation technique [4, 5] gives Cr and Ni monodispersed particles with a size in the order of 10 nm. However, the obtained deposition rate is extremely low (about 0.1 nm s −1 ). This method is based on the spatial separation of the nucleation and growth processes. Nuclei, thus, have equal conditions for growth. The gas-evaporation method [6] (deposition rate of Fe particles is about 1µm s −1 ) and silane/ammonia radiofrequency discharges [7] (elaboration rate of SiN:H particles is up to 10 −4 g s −1 ) give higher yield, but broader size distribution.
The phenomenon of laser evaporation has proved to have considerable promise for nanoparticle elaboration because of the ability to easily control the evaporation process (for example, [8] [9] [10] [11] ). Laser ablation techniques do not require any container for an evaporated substance and therefore allow the production of nanoparticles of refractory or reactive materials. The maximum mass injection rate achieved in these experiments is about 1g s −1 [10] (taking into account the 10 −3 s pulse duration, this value corresponds to 10 −3 g per laser pulse). Note that the targets were prepared by pressing powders with a size distribution from 30 to 100 µm. This was to stimulate evaporation by increasing absorption of laser radiation and decreasing conductive heat losses into the bulk of the target. A vapour ejected by laser radiation can be supercooled because of its expansion and interaction with a cold ambient gas. A supercooled vapour condenses partially at the target surface and partially in the gas phase, in the form of nanoscale particles. At higher laser flux density or at lower ambient gas pressure a supersonic vapour flow is formed where adiabatic expansion is the predominant cooling mechanism. Formation of particles under these conditions has been studied in [8, 9] . At lower laser flux densities a subsonic vapour flow is created where heat conduction and diffusion mixing with an ambient gas are the predominant cooling mechanisms [10, 11] .
It was shown experimentally that the most suitable regime of particle synthesis by laser evaporation is realized when a saturated vapour pressure at a laser-heated surface is slightly above the ambient pressure and a flow of the submerged subsonic jet type is formed. For example, irradiation of a WO 3 target in a H 2 atmosphere under the pressure of 1-15 atm by a laser pulse (1 ms duration, 1.06 µm wavelength) with 3 × 10 5 W cm −2 energy flux density leads to formation of 10-100 nm tungsten particles [10] . It is not rational to rise laser flux beyond the above-mentioned value because intensive ejection of large droplets is observed at a higher evaporation rate. Condensation conditions (cooling rate, etc) strongly differ in different parts of the jet and, as a consequence, the size of the synthesized particles varies over a wide range (the maximum to minimum size ratio is about 10). Analytical [11] and numerical [12] models have been proposed that allow the calculation of particle sizes and an explanation of their increase with ambient gas pressure.
Reduction of laser flux results in a decrease of particle yield, but may be useful to produce fine powders with a narrow size distribution and to eliminate droplets. It is interesting to study this process at low laser fluxes when the saturated vapour pressure does not exceed the ambient pressure and a jet is not formed. In this regime of 'diffusion evaporation' the vapour is transferred due to diffusion in the gaseous phase and by thermal expansion of gas near the target surface. Narrow particle-size distribution is expected in this case because condensation conditions are approximately identical over all of a laser-heated spot. A comprehensive experimental study of this nanoparticle elaboration regime has not yet been performed and the present work has been undertaken to examine its possible advantages and disadvantages.
Mathematical model
Laser radiation is partially reflected and partially absorbed by the target. It is conceived that the absorption length of a target material is much less than the thermal diffusion length, which, in its turn, is much less than the lateral dimension of the laser beam. Therefore, heat transfer inside the target is described by the one-dimensional (1D) heat conduction equation
where C pc is the heat capacity of the condensed phase at constant pressure, N c is its number density, T c is the temperature, λ c is the heat conductivity, t is the time and Z c is the coordinate along an inward normal to the target surface. Equation (1) is valid inside the solid and liquid phases. The Stefan boundary conditions are applied at a solid-liquid interface
where T m is the melting temperature, Q m is the latent heat of melting and Z i is the interface position. The initial condition for (1) is T c = T a , where T a denotes an ambient temperature. The boundary condition at Z c = 0 specifies a surface heat source resulting from the absorption of pulsed laser radiation (a rectangular pulse shape is assumed)
where K a is the absorbed energy flux and t h is the pulse duration. Evaporation heat losses as well as the radiation heat losses are not taken into account because they are negligible as compared to heat fluxes inside the target. It is estimated that the vapour is cold enough to be essentially transparent and the vapour diffusion length is much less than the laser beam diameter. The considered processes are characterized by high temperature and concentration gradients. Therefore, the phenomena of heat conduction, diffusion and thermal diffusion should be taken into account. The 1D hydrodynamic equations of continuity, vapour transport and energy for a binary gas mixture (see [13] ) are as follows:
where Z = −Z c is the coordinate along an outward normal, N is the number density of the mixture, U is the average molecular velocity, x = N v /N is the relative vapour concentration, E is the average internal energy per molecule, T is the temperature, D is the diffusion coefficient, λ is the thermal conductivity coefficient, α is the thermal diffusion factor and Q v is the latent heat of evaporation. The momentum equation is not necessary because pressure, P = NkT , is approximately constant in subsonic flows. The formation and growth of condensed phase particles causes a vapour sink in (3) and a corresponding energy source in (4).
In the case of a low vapour concentration, x 1, considered here, the energy equation (4) is transformed to
Thermal diffusion terms are proportional to x and therefore they become negligible in (5). On the other hand, thermal diffusion remains considerable in vapour transport because all the other terms of the diffusion equation (3) are also proportional to x. Condensation rate (a number of vapour molecules which are condensed inside a unit volume per unit time) is given by
with condensation flux given by the Knudsen formula
Here the saturated vapour pressure
is derived from the Clausius-Clapeyron equation under the assumption that Q v does not depend on T [14] (T b is the boiling temperature at normal pressure P 0 = 1 atm). The nucleation rate (the number of nuclei formed in a unit volume per unit time) is derived from homogenous nucleation theory [14, 15] 
where σ is the surface tension, and coefficient b is
The supercooling degree is defined as θ = (T e − T )/T e with the equilibrium temperature at a given vapour concentration
derived from (7). The critical nucleus radius is R * = 2σ/(N c Q v θ). The size distribution of condensate particles F (R, Z, t) (F dR is the number of particles with radius from R to R + dR in a unit volume) is determined by the transport equation
where L = J /N c is the linear growth rate of a particle. The initial conditions for the system of (2), (3), (5) and (8) are as follows, U = x = F = 0 and T = T a = 298 K. The boundary conditions for the hydrodynamic equations (2), (3) and (5) at the target surface, Z = 0, describe vapour-liquid equilibrium, U = 0, x = P s /P and T = T c (0). These conditions are suitable for both evaporation and condensation. If the saturated vapour pressure is larger than the partial vapour pressure xP , then evaporation occurs. Otherwise, vapour condenses at the surface. The rates of evaporation and condensation are actually determined by diffusion in the gaseous phase. It is sufficient to specify a boundary condition for (8) as the balance between the particle nucleation and growth at the plane R = 0: F L = G. Here the F L value can be considered as the R-component of the distribution function flux vector in R-Z space.
Method of solution
The transport equation (8) is transformed to an infinite set of moment equations by multiplying by R k and integrating over R from zero to infinity
where the moments F k are defined as
The hydrodynamic equations (2), (3) and (5) are related to the particle distribution function by its second-order moment only. Hence the moment system (9) can be truncated at any k > 1 without an impact on the hydrodynamic parameters. The truncation, of course, introduces an error into the computation of the distribution function, but numerical experiments with different numbers of the moment equations (up to eight) have revealed that the first four equations of system (9) are sufficient for computing the distribution with a relative error less then 10%. Therefore, only the first four moment equations corresponding to k = 0, 1, 2 and 3 are considered here.
The properties of the target materials used in the calculations are listed in table 1 [16] .
The dependences of the kinetic coefficients on gas parameters are estimated according to the model of rigid elastic spheres [17] as
where N 0 (=P 0 /kT b ), λ 0 and D 0 are respectively the gas density, the thermal conductivity coefficient and the interdiffusion coefficient estimated at normal pressure P 0 = 1 atm and at the temperature T = T b . The values of λ 0 were calculated by interpolating or extrapolating the experimental data [16] according to (10) . The diffusion and thermal diffusion coefficients were estimated from molecular masses m i and diameters d i by means of the Chapman-Enskog theory [17] . To a first-order approximation for molecules (rigid spheres) they are given by (1)- (3), (5) and (9) in the dimensionless form (see table 3) are solved numerically by means of conventional finite difference methods [18] . They are approximated by explicit conservative partial difference equations of first order. An up-wind approximation, which conserves the sign, is used for advective terms in (9) to avoid negative values of F k .
Results and discussion
The results of the numerical simulation of Zn target evaporation in Ar ambient gas (absorbed energy density flux K a = 4 × 10 4 W cm −2 , pulse duration t h = 1 ms) are shown in figures 1-4. Variation of surface temperature is determined by absorption of laser radiation and simultaneous energy losses due to heat conduction inside the target. Target and gas temperature are raising during pulsed action (see curves 1 and 2 in figure 1(a) ). Thermal expansion of gas near the target surface initiates a hydrodynamic flow (see curve 4 in figure 1(a) ). Evaporated material diffuses into the gas phase (curve 3 in figure 1(a) ). This vapour is turned into a supersaturated state because of mixing with colder gas and, as a result, homogenous nucleation starts (see the broken curve in figure 2 ). On completion of the laser pulse, the surface temperature drops (curves 1, 2 in figure 1(b) ). Hydrodynamic motion is damped out as the gas is cooled (curve 4 in figure 1(b) ). Evaporation is substituted by condensation of vapour at the cold surface. Homogenous nucleation continues (full curve 1 in figure 2 ) and vapour condenses at the nuclei as well, which results in formation of nanoscale particles. 
and condensate (i = c),
The dependence of homogenous nucleation rate on spatial coordinate has a sharp maximum (see figure 2) . Thus, nucleation may be considered as the motion of a thin layer inside which the nuclei are formed (nucleation front). The particles grow behind the nucleation front (see curve 5 representing spatial distribution of condensate mass). Thus, the nucleation and condensation processes are separated in space. One may note that the particles do not grow near the surface. This is because the vapour in the vicinity of the target preferentially condenses at its surface rather than at the nuclei. Typically about half of the ablated material condenses back at the surface and only the remainder is spent on particle growth. The mean particle size (curve 3 in figure 2 ) decreases with a distance from the surface. For most of the condensate, the standard deviation of the particle size (curve 4) is much less than their mean size (curve 3). Note, in figure 2, curves 3 and 4 are truncated close to the target where particle concentration is low (see curve 2).
Consider the kinetics of nucleation and condensation in more detail. The total amount of vapour atoms in the gas phase is given by
The total number of atoms condensed in the form of particles is
The sum of these two integrals represents the total amount of evaporated material (except that which is condensed back at the target). The total number of nuclei may be written as
Transient dependences of the dimensionless analogues (see  table 3 ) of the above-listed integrals are shown in figure 3 . The amount of evaporated material has a sharp maximum at the end of the laser pulse. After pulse completion nucleation becomes noticeable, surface temperature drops and therefore vapour intensively condenses back at the target. Pronounced condensation at the nuclei starts at t/t h ≈ 1.5, by this time about half of the vapour is condensed back at the target and nucleation is nearly completed. Therefore, the processes . Formation of Zn particles in Ar ambient gas at 1 atm for t/t h = 0.9 (broken curve), t/t h = 2.0 (full curves): curve 1, nucleation rate, g, 10 4 ; curve 2, particle-number concentration, f 0 , 10 5 ; curve 3, mean particles size
1/2 ; curve 5, particle-mass concentration, f 3 .
of nucleation and condensation at the nuclei are largely separated in time.
An integral particle-size distribution (that can be experimentally observed) is given by
(H dR is a number of particles with a radius from R to R + dR formed at unit area of the laser-irradiated surface). A local particle-size distribution F at any Z is approximated by the Gaussian function because the standard deviation is much less than the mean particle size. Therefore, an integral 
Figure 4.
Integral size distribution h(r) of Zn particles in Ar ambient gas at t/t h = 6.0: curve 1, P = 1 atm; curve 2, P = 2 atm; and curve 3, P → ∞.
distribution is
where MR = F 1 /F 0 is the mean radius and DR = F 2 /F 0 − (MR) 2 is the dispersion. Integral distributions formed after completion of the condensation process are shown in figure 4. The mean particle radius and the dimensionless yield (an area under the curve h(r)) are slightly reduced with ambient pressure. The standard dimensional analysis of the model equations indicates that at P → ∞ there exists the asymptotic curve h(r), which is also shown in the figure.
To a first approximation, the pressure dependence of nanoparticle yield may be estimated assuming that the dimensionless distribution h(r) is independent of pressure. In this case, the mass yield (total mass of nanoparticles corresponding to the unit area of the laser irradiated surface)
(see table 3 ). Taking into account the fact that the diffusion coefficient D is inversely proportional to pressure P , the yield should vary as P −1/2 . This dependence is valid in the pressure range where the diffusion mechanism of evaporation is realized: the ambient pressure should be larger than the maximum saturated vapour pressure of the target material attained under given irradiation conditions. Note, that ambient pressure less than atmospheric pressure is not considered here. The yield is very sensitive to the absorbed energy flux because the saturated vapour pressure, and hence the rate of evaporation, exponentially increases with the temperature of the irradiated surface. The calculated particle size against operating conditions is shown in figure 5 . The laser flux for a given target was chosen to satisfy the requirement that the maximum saturated vapour pressure is slightly below the given ambient pressure. It is shown that the particle size decreases with ambient pressure and boiling temperature of the target material and increases with laser pulse duration.
To explain these tendencies temporal evolution of the gas phase temperature should be qualitatively estimated. If the enthalpy of the ambient gas N g C gp dT is much larger than the vapour enthalpy N v (Q v + C vp dT ) (C ip is the specific heat at constant pressure), that is at a low vapour concentration or at a high ambient gas pressure, vapour condensation does not influence temperature and the source term at the right-hand side of the energy equation (5) vanishes. In this case, ambient gas dynamics (density, velocity and temperature fields) are independent of vapour diffusion and evaporation-condensation kinetics. Temperature evolution is defined by the characteristic temperature T b and the characteristic time t h . Hence the cooling period is roughly proportional to the laser pulse duration t h . At higher vapour concentrations or at lower ambient gas pressures, vapour enthalpy becomes considerable compared to the ambient gas enthalpy: heat, released due to condensation, maintains an elevated temperature in the condensation zone for a longer period. Thus, the cooling period reduces with the ambient gas pressure at low pressures and has an asymptotic value at high pressures. Two asymptotic cases may be considered: (a) an excess of condensation centres and vapour deficiency and (b) vapour excess and deficiency of condensation centres. In the first case most of the vapour condenses at the centres. The vapour is distributed over the centres and particle size decreases with the number of the centres formed. The last one increases with the cooling rate [14] . Thus, particle size should decrease with the cooling rate. In the second case the particle size is limited by condensation flux given by the Knudsen formula (6) .
Considerable back condensation of the vapour (see figure 3) indicates that there is a deficiency of condensation centres in the gas phase. Under the above conditions the particle size is determined by the condensation flux and condensation period. The latter is close to the cooling period. Therefore, particle size should be nearly proportional to the cooling period, which in turn is roughly proportional to the laser pulse duration (see figure 5(b) ) and reduces with ambient pressure (see figure 5(a) ). The particle-size dependence on target material is roughly specified by the Knudsen formula (6). In particular, particle growth rate and consequently the particle size reduces with characteristic temperature, which is about the boiling point (see figure 5(c) ).
Summary
A mathematical model for the diffusion regime of laser evaporation in an ambient atmosphere is developed. Computer simulation has shown that evaporation by millisecond laser pulses with relatively low-energy density flux may be used for elaboration of nanoparticles with a narrow size distribution. Laser flux for a given target was chosen to satisfy the requirement that the maximum saturated vapour pressure is slightly below the given ambient pressure. It is shown that under the above conditions nucleation and condensation processes are separated in time and space. There exists a thin layer near the surface where the particles are not formed because of condensation on the target. The mean particle size decreases with the distance from the surface. The particle yield varies as P −1/2 (where P is the ambient gas pressure) and is very sensitive to the absorbed energy flux because the evaporation rate increases exponentially with the surface temperature. The mean particle size increases with: decreasing ambient gas pressure; increasing laser pulse duration; and decreasing target material boiling point. Temporal and spatial separation of the nucleation and particle growth processes, along with a deficiency of condensation centres ensures conditions for nearly uniform particle growth that results in a particle-size distribution with low dispersion.
Note that, in the general case, by varying the conditions of laser action (in particular increasing energy density flux) it is possible to change qualitatively the hydrodynamic processes (flow similar to a submerged subsonic jet is formed) and therefore the conditions of particle elaboration. In the last case (higher energy density flux, higher temperature of irradiated surface), the dependence of particle-size distribution on the operating conditions could be qualitatively different, for example the mean particle size increases with ambient pressure.
